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The influence of heat transfers on magnetohydrodynamic blood flow treated as a
Newtonian rheological model in permeable bifurcated arteries with a magnetic field
applied in a transverse direction has been presented in this study. The blood flow is
considered steady, incompressible, electrically conducting and porous as it consists of
fatty accumulation on blood cells. A mathematical model governing such flow
phenomena is developed by the Navier-Stokes and energy equations. The governing
equations with appropriate boundary conditions are solved numerically by using a
stabilized form of the finite element method, called the Galerkin least-squares
method. The implementation of this method managed to overcome two sources of
undesirable pathologies suffered by the Classical Galerkin method in solving the
incompressible flow. This involves the requirement to satisfy the Babuska-Brezzi
stability condition and the inherent instability arising from the approximations of
highly advective flows. As a result, stable and converged solutions are generated for
the velocity, temperature, pressure, wall shear stress and heat transfer coefficient in
the constricted bifurcated artery by employing an equal order (quadratic triangular
element) of interpolation function for velocity, pressure and temperature subspaces.
The developed algorithm is validated with reported findings from previous literature
where a close agreement has been achieved. Effects of the porosity parameter and
Hartmann number in the presence of heat on blood flow characteristics at several
locations along the branch artery are computed and presented graphically. The finding
obtained from this work may be beneficial for cryosurgery and hyperthermia
treatment in analysing the temperature distributions inside the vessel.

1. Introduction

Over the past few decades, the relationship between blood flow and heat distribution in blood
vessels of the circulatory system has received a substantial amount of attentiveness among
researchers in an attempt of discovering the mechanisms of heat transfer under the stenotic
conditions of blood vessels. This matter has outstandingly encouraged the development of
mathematical models in bio-heat transport phenomena, which have been widely applied in
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cryopreservation, laser surgery, cryosurgery [1] and drug delivery application for cancer tumour
treatment [2]. From the developed models, the exact correlation between heat transfer and blood
flow rate could be measured, where these quantities are medically essential to medical scientists,
clinicians and biomedical engineers for the diagnosis of different types of arterial diseases [1]. Heat
transfer has significant effects on blood flow rates, which may alter the human physiological
condition [3]. The presence of an abnormal growth which is medically known as stenosis arising
from atherosclerotic plaque deposition on the inner wall of the artery [4], would greatly deter the
normal flow of blood. Heat therapy applications were effectively used in skin tissues, muscle and
thermal therapy [3]. The heat source is capable of providing relaxation to muscles and nerves, thus
it may effectively reduce pain, swelling and inflammation [2]. As we are aware, the rise in blood
temperature by 32C to 42C over the normal physiological temperature may lead to irreversible
changes to protein in plasma, which may lead to an individual’s failure to survive after experiencing
such a high fever [2]. Due to that, keeping the blood at a suitable temperature is crucial for an
individual’s survival and for the body to be functioned properly [1]. Therefore, further
understandings of the transport of heat within the human circulatory system are one of the
important areas to be explored.

Apart from being the medium for heat transportation throughout the human circulatory
system, blood also exhibits the electrically conducting property when subjects to an externally
applied magnetic field, as it contained small negatively charged ions and rich protein iron in the
haemoglobin, which can greatly influence the motion of the erythrocytes [1,5]. This helps in
regulating the flow of blood via the applications of the magnetic field through the emergence of
body forces, known as Lorentz force which works according to the principles of
magnetohydrodynamic (MHD) [6]. The potential use of this principle includes the biomedical
application in the prevention and rational therapy of hyperthermia, magnetic drug targeting in
tumour treatment, alleviating the bleeding during surgeries and magnetic separation of cells [6].

The arterial geometry plays an essential role in the development of atherosclerosis. Due to that,
Chakravarty and Sen [7] proposed the flow phenomena in a constricted bifurcated artery,
considering that the flow phenomena at regions around the curvatures, junctions and bifurcations
of large and medium-sized arteries are significantly complex, which may have triggered the
atherosclerotic plaque deposition. The flow characteristics are crucially dependent on the arterial
geometry. The curvature junctions along the arterial walls and flow separation regions at the
branch artery have an essential influence on the initiation and diagnosis of vascular disease [5]. In
most medical cases, patients are diagnosed with multiple types of stenosis in the same arterial
segment [8]. Pulmonary and femoral arteries are the site where commonly predisposed to multiple
stenosis formation [9]. Overlapping shaped stenosis can be classified as multiple stenoses, which
makes the study closer to the physiological situations of a diseased artery [9]. Since atherosclerosis
is developed through the deposition of cholesterol, fatty substance, fibrin, calcium and cellular
waste on the endothelium as well as through the proliferation of connective tissues inside the
arterial wall, hence in a such pathological state the blood can be considered as flowing through a
fictitious porous structure [3,10-12]. Given that, the study of blood flow patterns in a porous
stenosed vessel around the location that possesses a curvature, junction as well as bifurcation are
fields of great interest to be explored in physiological problems.

The coupled applications of magnetic field and heat transfer can effectively be utilized for
medical treatments of heat and magnetic therapy with a careful approach to sustain the living
conditions of the blood. Jamalabadi et al., [13] discovered ways to keep the blood temperature in
the range of a living condition by regulating the wall temperature as well as with an appropriate
application of magnetic field in the numerical investigation of non-Newtonian bio-magnetic fluid
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dynamics (BFD) of blood flow through a stenosed tapered arteries under the presence of an
external magnetic field in a transverse direction. The amplification of wall shear stress and heat
transfer that occur near the magnetic source location as the magnetic number is increased was
obtained by [6] in research on the power law fluid flow with heat transfer effect through a channel
which works according to the principle of ferrohydrodynamics (FHD) and magnetohydrodynamics
(MHD). The effect of magnetic field on thermal characteristics and Newtonian fluid flow in a lid-
driven rectangular cavity was analyzed by [14] on thermal characteristics and fluid behaviour in
terms of the streamlines, isotherms and local Nusselt number distributions. An extensive analysis of
patients having incidental intracranial aneurysms and stenosis on the same arterial segment with
heat and mass transport effects under the control of electro-osmotic and electromagnetic forces
was examined by [4]. Dubey et al., [5] have demonstrated a study on the transportation of heat for
the MHD non-Newtonian flow of blood in a bifurcated artery with a saccular aneurysm, where the
flow behaviours were found as appreciably affected by the variation in Prandtl number and
magnetic body force parameter in both parent and daughter artery. This has verified the
importance of detailed evaluations of flow patterns in regions around the bends and bifurcations
considering it complexed and altered flow caused by the accumulation of fat. Given that, the
pathological state of fat accumulation on the arterial lumen as a porous structure was investigated
together with the combined effect of magnetic field and heat transport phenomena by [1,3,12,15].

Motivated by the above numerical analysis, this present study aims to examine the heat
transfer and magnetic field effects on the Newtonian fluid of blood rheology which flows through a
porous bifurcated artery that possesses an arterial constriction in the shape of overlapping, located
at the parent’s arterial lumen. By the implementation of Galerkin least-squares (GLS) algorithms
developed in this study, two main components of numerical complexities susceptible by the
classical Galerkin method in solving an incompressible fluids managed to be overcome. The first
one is on the requirements of satisfying the BabusSka-Brezzi stability condition to achieve a
compatible combination for the velocity and pressure subspaces [16-21]. Whereas, the second
source has to do with the inherent instability originating from the central difference schemes in an
approximation of locally advective dominated flows, indicating flow with a high Reynolds number
[16-21]. The algorithms introduced here allows the Babuska-Brezzi condition to be circumvented,
but at the same time able to generate stable approximation for highly advective flows with good
accuracy. In GLS formulation, residual-based terms that are mesh-dependent are added to the
classical Galerkin formulation to enhance the stability of the Galerkin method and the convergence
of the solution while still preserving its consistency [17,19,21]. These added terms are constructed
from the minimization of a square for the residual functionals where the magnitudes are controlled
by the stability parameters which are designed according to Franca and Madureira [22]. The
applicability and formulation of this method have been demonstrated in the existing works of
literature by [16-23]. This study is concerned with the effects of the Hartmann number, Prandtl
number and permeability parameter on the haemodynamic changes of velocity, pressure,
temperature and shear stress of the streaming blood.

2. Problem Formulation

The governing equations for the heat transport of a steady, two-dimensional, incompressible,
electrically conducting and fully developed laminar flow of blood treated according to the
Newtonian fluid behaviours under the influence of an externally applied magnetic field in a
transverse direction are constructed by incorporating the mass, momentum and energy
conservations [24,25], given in dimensionless form using the Cartesian coordinates system as,
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The effect of an induced magnetic and electric fields by flow of blood are considered negligible
in comparison to the applied magnetic field since the magnetic Reynolds number consider in this
work is much less than unity. The associated boundary conditions for the problem under
consideration are given in dimensionless form as,

2
Inflow: u=§ l(i) ,v=0,T=T =0.
2 0.5

Outflow: (—pl +Ri D(u))n =t,, wheret, =0.
e

Outerwall: u=0,v=0, T=T, =1.
Innerwall: u=0,v=0, T =T, =1. (2)

The variables u,v,p and T are the axial velocity, radial velocity, pressure and temperature of
the fluid, respectively. On the other hand, the parameter n is the unit outward normal vector, t, is
a vector of the prescribed boundary tractions, | is the unit tensor, and D is the strain rate tensor.
The non-dimensional parameters Re,M,K and Pr which appear in Eq. (1) are characterised as the
Reynolds number, Hartmann number, porosity permeability constant and Prandtl number,
respectively. These non-dimensional parameters can be written specifically in terms of the
dimensional variables that defined them as follow,

- - —2 1/2
. c
Re =Y h, M =B, oh , K:%, and pr="Ce (3)

P u h K

where p acts as the density of blood, Ur is the average mean inflow velocity, h denotes the length
of the channel’s inlet, ux is the constant viscosity of blood, B, characterise the magnetic flux
intensity which acts perpendicularly to the direction of blood flow, & is the electrical conductivity,
k is the constant for the permeability of the porous media, ¢, is the specific heat at constant

pressure and x is the thermal conductivity. It is important to note here that the governing
equations stated in Eq. (1), subjected to boundary conditions prescribed in Eq. (2) as well as several
non-dimensional parameters listed in Eq. (3) are transformed by using the following set of
dimensionless variables,
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The flow is kept at constant temperature at the channel’s walls and inlet characterised by Tw

and Ti, respectively where the temperature at the inlet, Ti is considered such that Ti <Tw. The
effect of gravity is neglected, as the convective heat transfer during blood flow is dominated by the
temperature gradient. The bar symbol on each of these physical parameters represent the
dimensional form of the quantities. The non-dimensionalization procedure is also employed to the
boundary configuration of the computational domain involves by using the dimensionless variables
introduced in Eq. (3). As a result, the length of the horizontal outer wall is considered to be 3.75
times the length of the arterial’s inlet as shown in Figure 1.
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Fig. 1. Geometry of the stenosed porous bifurcated artery in the

presence of applied magnetic field, B,

The geometry of the arterial bifurcation with a constriction in the mother artery considered
here is constructed from the mathematical equations developed by Chakravarty et al., [26] and
Chakravarty et al., [27] which describe the construction of bifurcated channel and overlapping
shaped stenosis, respectively. The radii for the outer and inner arterial walls of the bifurcated artery

are respectively expressed in terms of R,(X) and R,(x) as follow,

R(x)=

a, 0<x<dandd+l,<x<x,

3r [10(x—d)I3 —47(x—d)’ I}

—-—n \ L dsxsd+l,
2" |+72(x~d)’l, -36(x~d)

a+r—r2—(x-x)’, X X< X,,

2r,secB+(x—x,)tanp, X, X< Xy — S

(5)
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0, 0<x<Xx,,

R,(X) = \/ro'—(x—(x3+r0'))2, X, < X< X, (6)

f, COSB+(X—X, )tanB, x, < X< x

max !

where,

- . X, — X, )sin
x2=x1+rosinB,r0:a quecB’roz( 3 2_) B,

cosf—1 1-sinp (7)

X; =X, +0, S=26SINp, X, =X, + I, (1-sinp).

The two-dimensional Cartesian coordinate system of a material point is considered as x and v,
where the x-axis is taken along the horizontal axis of the trunk, while the y -axis is taken along the
vertical direction. Besides, the parameters a and I, represent the respective radii for the parent
and daughter artery. I, and r, indicate the respective radii of curvature for the lateral junction and
the flow divider. Whereas, |, represents the length of the stenosis at a distance d from the origin.
Location of the onset and offset of the lateral junction are denoted respectively as X, and X,. The
apex of the vessel is denoted as X,. The maximum height of stenosis which occurred at d +2I,/6
and d +4l,/6 represents by 7. While, § acts as half of the bifurcation angle. The parameter q is

chosen for the compatibility of the geometry as a small number, such that it lies in the range of
0.0001<g<0.0005. In addition, for the computational domain as shown in Figure 1 a few

assumptions have been inflicted as

i.  The artery is modelled as a two-dimensional bifurcated channel of finite length.

ii. The parent aorta possesses a single overlapping shaped stenosis in its lumen and is
symmetrical about the axis of the vessel.

iii.  Curvatures are introduced at the lateral junctions and the flow divider of the arterial
bifurcation to ensure that one can rule out the presence of any discontinuity, causing
non-existent separation zones or large flow separation zones.

iv.  The constricted artery is considered equivalent to fictitious porous medium.

v. The flow of blood through the branch artery takes place in an axial direction with a
uniform magnetic flux intensity, B, applied in the radial direction (refer Figure 1).

3. Galerkin Least-Squares Method

In this section, a Galerkin least-squares formulation for the MHD flow of blood with constant
viscosity through a porous bifurcated artery with overlapping shaped stenosis is demonstrated for
incompressible fluid. Most importantly, the boundary value problem specified in Eq. (1), with the
prescribed boundary conditions in Eq. (2) for the velocity and forces are written in vectorial form to
simplify the next formulation, given as
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V'UZO inQ,

u.vu—iV-D(U)+Vp=f inQ,
Re

u-vT - V-D(T)=0 in €2, N
Re- Pr

u=u, onl,

_pl +iD(U) n =th' on 1—‘outlet'
Re

in which, u is the velocity vector, f is the body force vector, (3 represents the domain, T is the
boundary for the computational domain Q, with I'; denotes part of the boundary I' where
Dirichlet boundary conditions are imposed and I, represents part of the boundary I where
Neumann conditions are employed, which is referred to the outlet boundary for this problem
domain.

The finite element approximation for the boundary value problem developed in Eq. (8) are
defined based on the usual functional spaces employed in fluid dynamics for the velocity
(V, and Vg“), pressure (PB,) and temperature fields (T, and T;) over a finite element partition, C, of

the problem domain Q consisting of a triangular element P.(Qy) parametrized by a characteristic
mesh size, h, as stated by Franca and Frey [18], as well as Zinani and Frey [21], written as,

nsd ns
vh=Th={Ne[H;(Q)] INy € R (Qy) d,QKech},
VO ZT9 ={N e[H(@T™ INy eR (@)™, Q, €C,, N=u, on rg}, (9)

R, ={peC’(Q)nL(Q)|gk eR (), Q €C,},

where R, and R, representing the polynomial spaces of degrees k andl, respectively. In GLS
formulation, any combination of integers for k and | are permitted, since the requirement to obey
the Babuska-Brezzi condition can be neglected. In order to gain the most satisfactory solutions, the
higher order element is used for the discretization of the computational domain where the
polynomial spaces of degrees 2 is considered for k and | corresponding to the quadratic triangular
element, P,(Q,). Hence, in this work an equal order of interpolation functions are employed for
the approximation of velocity, pressure and temperature fields. while, the number of space
dimensions, nsd considered here is equivalent to 2.

Based on the approximation functions defined in Eq. (9) for the velocity, pressure and
temperature subspaces, a Galerkin least-squares formulation considered for this problem can be
stated as: to find u, eV,, p, €B, and T, €T, such that,

B(Up, P i N, 0, N) =F(N,q,N), Y(N,q,N) e (V, xR), (10)
with,
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B(u,p,T;N,q,N):juVu-NdQ+jRiD(u)-D(N)dQ—jpv-NdQ
Q Q € Q

1
Re- Pr

(uVu +Vp —%(V- D(u)))

~[av-udQ+ [uvT-NdQ+ | D(T )-D(N)dQ
Q Q Q

(ere ) uvN-va- L (v-D()) |

—qu-udQ+ > |

Qxecy O +(UVT —ﬁ(v . D(T ))j

| N )
(rRe ) uWN - Lo (v-D()) |

and

F(N,q,N):.[f-NdQJrJ.th-NdF
Q T (12)

Y J.|:f-(T(REK)(UVN—VQ—%(V'D(N))jJ:|dQK'

Qe Qy

Note that, all the terms before the summation in Eqg. (11) and (12) are original terms from the
weak formulation of Galerkin method, while the terms within the summation are originated from
the added stabilization terms from Galerkin-least squares formulation. The stabilization parameter
7(Rey) presentsin Eq. (11) and (12) are defined according to Franca et al., [22] for k> 2, given as

T(ReK) — é:(ReK)

\//IK |U|2,
Re, =———2—and |u|. = u
“ afaan() 1 p ol Q |

Re.,0<Re, <1
Re — K K
sRec) { LRe, >1

_|an,

12
’

(13)

0,04 E
- —’ 1

K 0eNe(R (@ )0 ) ||VN||2 K h

0.0¢

where Re, is the grid Reynolds number. The parameter A, is evaluated as the largest eigenvalue
for the associated eigenvalue problem defined for each Q,, which is independent of the element
diameter h,,following the one that has been computed by Harari et al., [28] for quadratic

triangular element with a combination of P2/P2 interpolation functions. The design of this
parameter here is valid for higher order interpolation function, which exclude the linear
interpolation case. In our recent work Zain et al., [29], an equal-order linear triangular elements
have been employed in solving an incompressible flow of similar kinds of geometry as considered in
this study. The degrees of freedom for the variables U,pand T are substituted by their actual

expansions in shape functions within an element, €,i=12,3,...N,, defined as
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u=u*=N%u,,
p=p"=4q;p, (14)
T=T%=N°T,

I

where N, describes the total number of domain elements and j=1,2,3,4,5,6 corresponding to
three corner nodes and three mid-side nodes per element, € . The substitution of functions (14)
yielded an algebraic system of equations in the form of a residual function, R(U) given as
R(U):[K(U)]U—{F} =0, (15)
where U is defined as the vector for the degrees of freedom for the variables u,,p, and T,. The

matrix [K(U)] stands for the stiffness matrices and {F} denotes the body forces. The convergence

analysis performed in this study is set at 10°® where the convergence criteria, ¢ for the maximum
residual norm, R, are calculated as

T< Iin (16)

The computation for the numerical integrals in Egs. (10)-(13) are performed via the Gaussian
guadrature technique, with the helps from an iterative method called the Newton-Raphson method
on linearizing the non-linear system as demonstrated in [17,20,21,29].

4. Code Validation

Numerical validation is carried out to verify the efficiency of the developed source code by
benchmarking against the published results obtained by Xenos et al., [24] and Abu Bakar et al., [14].
For each verification of this two different studies, a mesh independence analysis is performed by
extracting the solutions using several number of domain elements, to ensure the grid-independent
on the solutions obtain is achieved.

4.1 MHD Flow of Blood in a Straight Channel with a Bell Shaped Stenosis

The mesh independence test as shown in Figure 1 is based on the axial velocity profile at x=1
location of the channel. Five different mesh configuration with different sizes have been performed

on the case flow of a Newtonian fluid (u=0.0035kgm'1s’1) at Re=400, B,=8T and K=0. The five

different mesh distributions that have been tested are comprised of 5162, 8496, 10276, 12022 and
18470 triangular elements.
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0.l
Mesh 1: 5162
""""""" Mesh 2: 8496
— ——-Mesh 3: 10276
e Mesh 4: 12022
wot Mesh 50 18470

0.5 0 0.5
;

Fig. 2. Mesh independence test for axial velocity
profile at Xx=1 of the channel for

Re=400, B,=8T and K =0

The mesh independence results have ensured that Mesh 3 consisted of 10276 triangular elements
is sufficient to capture the changes in velocity profile for the present problem, since started from
Mesh 3 onwards there is no significant changes is accounted for these three consecutive meshes,
which has verified that the mesh size has achieved the mesh independent. The selected mesh
consisted of 5460 nodes with prescribed maximum element size set at 0.04. By using the preferred
mesh, the solutions on the axial velocity profiles computed for different magnetic flux intensity,
B, =0T and B, =8T at x=0 location are compared with findings from Xenos et al., [24] as illustrated
in Figure 3. From Figure 3, it can be seen that the results acquired by using the present numerical
code agreed closely with the compared studies. Thus, testifying the accuracy of the developed
source code which works according to the Galerkin least-squares algorithms is achieved.

051

Present (B=0T)

""""""" Present (B=8T)
B Xenos etal. (B=0T)
® Xenosetal (B=8T)

-0.3 -0.2 -0.1 0 0.1 0.2 0.3
¥y

Fig. 3. Comparison between present results and
the results by Xenos et al., [24] for Newtonian
flow at various values of magnetic flux intensity,

B, for Re=400 and x =0
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4.2 Mixed Convection Heat Transfer in a Rectangular Lid-Driven Cavity with MHD effect

The second validation of the code is based on the magnetic field effect on mixed convective
heat transfer comparison with the existing findings by Abu Bakar et al, [14]. The mesh
independency test is carried out for the temperature distributions at x=2.5 location along the
rectangular cavity that is filled with a Newtonian fluid, heated at the bottom wall while the top
moving lid is kept at a cold temperature, as visualized in Figure 4. The temperature profiles plotted
for this test are generated for Re=100, Pr=6.2, Gr =10*, M =10 and Ri =1.0 by using four different
number of domain elements comprising of 9630, 13352, 15316 and 17384, respectively for Mesh 1,
Mesh 2, Mesh 3 and Mesh 4. Based on the test conducted, Mesh 2 which consists of 13352
triangular elements comprising of 7277 nodes has reached the mesh independent, since there is no
obvious modification on the temperature profiles is noticed by enhancing the mesh element
density over this design. The isotherms pattern depicted in Figure 5 for different magnetic field
intensity of M =0and M =30are computed by using the preferred size of mesh element for Mesh 2
which is prescribed at a maximum allowable element size of 0.03.

Mesh 1: 9630
ool\ Mesh 2: 13352 4
=== Mesh 3: 15316
08k i - Mesh 4: 17384

0.7r1

0.6 0.16

16 7]
~05F “M\"’-\mv\

0.4 0.2 =11

03[ 03 031 032 033 034 0357

0 0.2 0.4 0.6 0.8 1
V

Fig. 4. Mesh independencre test for temperature
profile at x=2.5 of the rectangular lid for

Re =100, Pr=6.2, Gr =10*, M =10 and Ri =1.0
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Fig. 5. Variation of Isotherms for Newtonian flow in a rectangular cavity with
different magnetic field values, M of: (a)M =0 and (b) M =30 computed by
using the developed code which found in a satisfactory agreement and
comparable with findings from Abu Bakar et al., [14]

4. Results

The quantitative analysis on the effect of selected physical quantities comprised of
magnetohydrodynamic body force parameter (M) porosity constant (K) and Prandtl number
(Pr), on the velocity (u), temperature (T), pressure (p), and shear stress (,) distributions are
examined throughout the stenosed bifurcated artery in this section. The results are simulated
graphically by using these following controlling parameters which are adopted from Sinha et al., [1],
Chakravarty and Mandal [26], Chakravarty and Mandal [27] and Rabby et al., [30] as: a=0.0075m,

l, =0.015m, d =0.005m, X, = 0.06m, x, = 0.025m, g =0.0002m, o =1050kgm?,
1=0.00345kgm™s*, f=30", r,=051a, h=2a and o =0.85/m.

Mesh independence analysis is conducted on the computational domain of a stenosed
bifurcated channel by using several different designation of finite element meshes as depicted in
Figure 6 for Re=300, M =2, K=0.3 and 7, =0.3a at x=3.6 location which is referred to as the axial
velocity profiles at the upper branch of the daughter artery. The tests are conducted on various
axial location along the channel, but since an appreciable alteration is spotted predominantly at the
daughter branch, hence it is displayed here for Mesh 1, Mesh 2, Mesh 3, Mesh 4 and Mesh 5
comprising of 9556, 13124, 16138,19736, and 33636 triangular elements, respectively. It is
established that by using Mesh 2 which contained 13124 triangular elements consisted of 7091
nodes with prescribed maximum element size equivalent to 0.04, the mesh independent is reached
for r,, =0.3a as described in Figure 6.
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______ ' Mesh 1: 9556
L&T L I Mesh 2: 13124 1
| 1 —— — Mesh 3: 16138
L6y T ——=Mesh 4: 19736 1
145 T """ o Mesh 5 : 33636_
Iz . 1.8
s
08 F
1.65
0.6F
1.6
041
0.2 )
1.5
U A A) 0.1 0.1, -0.05
0.5 0 0.5

Fig. 6. Mesh independence test computed for u -
velocity profile of the stenosed bifurcated
channel for Re=300,M=2,K=0.3 and

7,=0.3a at x=3.6

The numerical simulations are performed by keeping the Reynolds number, Re fix at Re=141
corresponds to Ur =3.088571x1072ms*, p=1050kgm® and x=0.00345kgm’s®, as varying the
parameter values of M,K and Pr would be the main purpose of this work. The values assigned for
M are 0 and 8 corresponding to the respective values for magnetic flux intensity, B, equivalent to
OT and 17.511901T, calculated by using Eq. (12). Whereas, the values for the Prandtl number, Pr
are assigned in this work as 14 and 21. The distribution of non-dimensional axial velocity, u for
different values of Hartmann number, M and permeability constant, K are demonstrated in
Figure 7 and Figure 8 at x=1 (second throat of overlapping stenosis) and x=3.6 (lower daughter
branch) location by using Pr=21 and 7, =0.4a, respectively. The presence of a magnetic field
which acts perpendicularly to the direction of the streaming blood produces a body force, known as
Lorentz force, that has a tendency to oppose the fluids motion. As the magnetic field strength
applies is amplified, the resistive drag force gets magnified and resulting to a reduction in fluids
velocity near the central axis of the channel as shown in Figures 7 and 8 as the Hartmann number,
M is increased from M =0 to M =8. A similar agreement has been achieved in [31] as the
magnetic field with greater strength was presented in the blood stream. A reverse trends are
observed to occur in the vicinity of the arterial wall by enhancing the MHD influence on the
streaming blood. On the other hand, based on these two figures it is also observed that the
permeability of the porous media is found to have the enhancing effects on the blood velocity near
the axis of symmetry and diminishing effects on the axial velocity in the vicinity of the arterial wall
with respect to the greater permeability, which is in a similar agreement as those found in [32].
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Figure 9 gives the distribution of axial velocity at two different x locations along the bifurcated
channel with variation in Hartmann number, M and Prandtl number, Pr when K=1.0 and
7, = 0.4a. From the plotted figures, the Prandtl number, Pr is seen to possess a negligible effect on
the magnitudes of the axial velocity at the first throat of an overlapping stenosis, x=0.6667 and the
upper branch of the daughter artery, x=3.6. The greater amount of electromagnetic body force
through the increment in Hartmann number, M from M =0 to M =8 remain to retard the motion
of blood by inducing the deceleration to the blood axial velocity near the central axis, and keep to
accelerate the flow in the vicinity of the arterial wall, regardless of change in Prandtl number.
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It is observed from Figure 10 that the temperature profiles at the second throat of overlapping
stenosis, Xx=1 are distributed in a similar pattern with change in parameters M and K. The
temperature field drops significantly to zero temperature near the arterial wall and stays at the
same temperature through the radial distance of x=1 location. The significant change in
temperature has occurred in the proximal distance of the arterial wall, which shows that the
temperature profiles decreases with increase in magnetic field, M and gets higher with an increase
in porosity constant, K.

The influence of magnetic field, M and Prandtl number, Pron the temperature changes are
analysed in Figure 11 for Re=141, K=1 and 7, =0.4a at x=0.6667 location. The temperature is
distributed similarly as the one observed in the previous figure with a drop in temperature profile as
the magnetic field intensity, M and Prandtl number, Pr are enhanced. This may be contributed by
the thermal boundary thickness that gets reduce with a rise in a Prandtl number as discovered in a
study conducted by Kumar et al.,, [3]. Higher Prandtl number indicates a depletion in thermal
conductivity of fluid, hence the decrement in temperature fields happen.
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Fig. 10. Temperature dis:tribution for different
values of M and K, when Re=141, Pr=21 and

7, =0.4a at x=1
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The behaviour of blood pressure are indicated in Figure 12 (a) and (b) for different values of
magnetic field intensity, M and porosity constant, K along the outer, R (x) and inner arterial wall,

R,(x) respectively.
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Fig. 12. Pressure distribution for different values of M and K, when Re=141, Pr=21 and
7, =0.4a along (a) R,(x) and (b) R,(x)

A significant drop in blood pressure to a negative valued pressure is occurred at the first throat
of overlapping stenosis, the pressure then increases back at the second throat of overlapping
stenosis, drop again in the downstream region of stenosis due to the flow separation that is
developed here, thereafter pressure increases while moving along the outer arterial wall to outlet
of the artery. Meanwhile, the pressure along the inner arterial wall also shows a sudden drop in
pressure from the finite maximum value at the apex, which gradually increases to zero pressure at
the outlet of the artery. The negative valued pressure that is developed dominantly at the
constricted region is treated by enhancing the magnetic field intensity, M to overcome the artery
from collapse due to insufficient amount of pressure to support the opening of the arterial lumen.
The decelerating nature of Lorentzian force as magnetic field is introduced resulting to a
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simultaneous elevation in blood pressure [5]. While, the increment in porosity parameter, K has a
negligibly small influence on the pressure distribution at both outer and inner arterial wall.

The variation in the values of shear stress at several x locations of x=0.6667,1,3.6 correspond
to the first throat of stenosis, second throat of stenosis, and daughter branch with varying magnetic
field intensity, M are demonstrated in Figure 14 by keeping certain parameters at a constant value,
Re=141, Pr=21, K =1.0. It is evident from the present figure that an increase in Hartmann number,
M caused a slight reduction in magnitude of shear stress at x=0.6667 and x=1 location, which
agreed qualitatively with findings obtained in Nadeem et al., [15]. On the other hand, the shear
stress at x=3.6 are distributed in an opposite trend as the magnetic field is applied externally to
the flow of blood. This figure also reveals that a higher magnitude of shear stress is obtained for
X =0.6667 location compared to the x=1 and x=3.6 locations.
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Fig. 14. Shear stress distribution for different

values of M and X, when
Re=141, Pr=21,K=10 and 7,=04a at
x=0.6667,1,3.6

The profiles of wall shear stress for different values of Hartmann number, M and permeability
parameter, K are discussed graphically as shown in Figure 15 by using Re=141, Pr=21, K=1.0 and
7, =0.4a along the outer wall, R (x). It is noted from this figure that the magnitude of wall shear
stress increases slightly with the increment in magnetic field strength, M applied. However, the
increase in permeability parameter, K seems to has a negligible effect on the wall shear stress
distribution. It is worthwhile to note from the figure that the peaks of the shear stress are formed in
the extremities of the first and second throat of overlapping stenosis. These steep enhancements of
tangential shear forces apply on the vessel wall could cause a severe damage on the endothelial
cells and may destroy the red blood cells [33]. If the magnitude of wall shear stress at this region is
too much amplified, the stenosis then could possibly rupture [34].
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The heat transfer rate across the flow of blood through a constricted artery that is affected by
the presence of stenosis on the arterial wall as well as its effect on the Nusselt number distribution
are examined in Figure 16 with varying effects of Hartmann, M and Prandtl numbers, Pr. It is
clearly discovered from this figure that the Nusselt number is gradually decrease from certain finite
value at the inlet of the artery, thereafter the values of Nusselt number suddenly increased and
fluctuated in the stenotic region due to the narrowed passage area of the arterial lumen, which
possesses an accelerated flow (increase in velocity), and hence leading to an increase in heat
transfer coefficient at this region. The lowest Nusselt number is attained at the negative flow region
after passing through the offset of stenosis. The Nusselt number is then distributed in an almost
uniform pattern in the downstream region of stenosis reaching the outlet of the artery. Further
observation from this figure has also clarified that the heat transfer between the blood and the
arterial walls are improved along with a rise in either the Prandtl, Pr or Hartmann numbers, M .
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4. Conclusions

The dynamic response of blood flow characteristics through a porous stenosed bifurcated
artery under the influence of an externally applied magnetic field with heat transfer effects have
been presented in the present study. The blood rheology is treated as a Newtonian incompressible
fluid model. To avoid the undesirable pathologies which is susceptible in solving the incompressible
fluid flow problem when using the classical Galerkin formulation, the solutions in this study are
analysed by using a stabilized form of finite element method, known as the Galerkin least squares
method. Based on the validation that has been performed, the source code that is developed by
using a Matlab programming software has been proven as working properly. The influences of
selected physical parameters such as the Hartmann number (M), Prandtl number (Pr) and

porosity constant (K) on various fluid dynamic parameters of axial velocity (u) , temperature (T) ,

pressure (P), shear stress (z,), wall shear stress (z,) and Nusselt number (Nu,) distributions

have been presented for particular situation. The numerical solutions that have been obtained here
are applicable for a situation when human body is subjected to an external magnetic field,
particularly while under the treatment of electromagnetic therapy. The findings also play a vital role
in understanding the effect of porosity. The numerical analysis demonstrated in this work could be
of sufficient interest to surgeons and pathologists to regulate the blood flow rate during the entire
surgical procedure. Based on the numerical analysis, the main findings of the present problem are
as follows

i.  The axial velocity shows a decrement close to the axis of symmetry and enhancement in
the vicinity of the arterial wall with growth in the magnetic field intensity. A reverse
trends are obtained with greater permeability. The variation in axial velocity with Prandtl
number is suppressed by the growth in impeding nature of magnetic Lorentzian force.

ii. The temperature distribution shows a decrement with enhancement in Hartmann and
Prandtl numbers and gets enhanced with greater permeability effect.

iii.  The blood pressure shows an enhancement at the outer and inner arterial wall with
growth in magnetic field intensity. The permeability effect is negligibly small on blood
pressure exerted at the outer and inner wall.

iv.  The shear stress developed at the first throat of overlapping stenosis is greater than the
second throat. A slight reduction in shear stress magnitudes are attained with higher
magnetic field intensity.

v. A slight increment of shear stress is exerted on the arterial wall as magnetic intensity
with higher strength is applied to the streaming blood. The permeability effect is found
negligible on the wall shear stress.

vi.  The Nusselt number coefficient increases with higher Prandtl and Hartmann numbers
which indicates an enhancement of heat transfer rate at the arterial wall due to a
reduction in the thermal conductivity of the fluid that has caused the heat conduction
capacity to diminish and hence the thickness of the thermal boundary layer gets
declined.
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